Using tubular specimens of austenitic steel SUS310S with high ductility, creep rupture tests are conducted in tension, torsion and combined tension-torsion stress states at 700°C. It is found that the maximum principal stress determines the multi-axial creep rupture life of the steel. The reasons are assumed to be that many voids nucleated in the early stages of creep, and that at any creep stress states this steel showed larger deformations and continuous nucleating of voids during creep testing. Furthermore, by observing on the scanning electron micrographs, the specimens ruptured at various stresses are found to exhibit different fracture modes. These creep fracture modes and their formatting factors are discussed in detail. It is assumed that at a multi-axial stress state, the von Mises equivalent stress promotes creep deformation and nucleation of creep voids, meanwhile the growth of the voids should be restrained by the large creep deformation. It is further suggested that in a specimen with existing of the mean stress and a smaller equivalent stress, a brittle intergranular fracture should occur easily.
Introduction
Creep rupture and fracture properties, such as the creep rupture lives and modes as well as the initiation and growth behaviors of creep voids, are influenced strongly by material characteristics, temperature, applied stress states, and so on. Many investigations have been made upon the creep rupture and fracture properties of smooth and notched specimens in uniaxial tension. 1, 2) Some investigations have also been made on the creep rupture properties of materials loaded in torsion, combined tension and torsion, internal pressure or bending stress states, and so forth. [3] [4] [5] It has been known that the creep rupture properties of materials under multi-axial stress conditions are influenced by the multi-axial stress components, such as the maximum principal stress s 1 , the von Mises equivalent stress s and the mean stress s m . 6, 7) However, effects of these multi-axial stress components and material characteristics on the multiaxial creep rupture properties have not been made clear.
In this study, using ductile austenitic steel SUS310S, tensile creep, torsional creep and combined tensile-torsional creep rupture tests with tubular specimens are conducted at 700°C. The multi-axial creep rupture properties of the steel are investigated in detail.
Experimental Procedures
Commercial austenitic steel with high ductility and high metallographic stability, SUS310S (0.05%C-0.42%Si-1.19%Mn-0.03%P-0.025%S-19.36%Ni-24.36%Cr-bal. Fe), was used in this work. Specimen blanks with 16 mm diameter were solution treated at 1 100°C for 1 hr, then air cooled to room temperature. Table 1 lists the mechanical properties of the steel after the heat treatment, measured at room temperature and 700°C.
Tubular creep specimens were machined to 8 mm external diameter with 1.5 mm wall thickness by a gauge length of 10 mm. Figure 1 shows the geometry of a specimen. Using the tubular specimens, creep rupture tests were conducted in uniaxial tension, torsion and two types of combined tension-torsion stress states, respectively. In the two types of combined tension-torsion stress states, the ratios of applied tensile stress s to applied shear stress t on the external surface of specimens are 1 : 1 and 2 : 1, respective-ly. These tests were performed in air using a tensile-torsional creep test machine. The temperature was kept at 700Ϯ 1°C and was monitored with a thermocouple attached on the external surface of each specimen. Tensile creep elongation and torsional creep rotation angle were measured continuously, using a dial gauge and a rotary encoder device, respectively.
For the ruptured specimens, creep fracture surfaces and their longitudinal sections were observed with a scanning electron microscope (SEM).
Results

Creep Rupture Lives
The von Mises effective strain e¯of the tubular specimens was calculated from the tensile elongation and the torsional rotation angle measured during creep testing. Creep curves of the steel at 4 stress states (torsional, tensile and combined stress states), showing the relation of the effective strain and time, are plotted in Fig. 2 . It is found that the torsional creep specimens exhibited larger creep deformations than the others. And at each stress state, the effective strain to rupture showed a decrease tendency with decreasing the applied stress. The relation between the effective strain and time to rupture is clearly shown in Fig. 3 . Among the 4 stress states, the effective strain to rupture exhibited larger values in torsion and smaller values in tension.
Creep Fracture Modes
By observing the creep fracture surfaces with SEM, the creep fracture modes were examined in detail. It was found that different fractures were exhibited in the specimens under different stress conditions. Regardless of the fracture modes, it was also found that creep voids formed homogeneously in every ruptured specimen by observing its longitudinal section.
Firstly, all of the present specimens in torsional creep were found to exhibit a ductile transgranular fracture in a shear mode. the grain boundaries were seen on the longitudinal sections of the two specimens. On the other hand, in combined tension-torsion stress states, at higher stresses the fracture surfaces exhibited many elongated dimples showing a ductile creep fracture mode. However, as decreasing the applied stress (turning into longer life) the creep fracture changed from a ductile mode to a mixed mode of ductile fracture and brittle intergranular one. And at further lower stresses it became a brittle intergranular fracture, as same as in the tensile creep tests. Also, obviously deformed grains and many creep voids formed along the grain boundaries were observed on the longitudinal sections of the ruptured specimens. Figures 6(a)-6(d) are the SEM micrographs, as examples, showing the fracture surfaces of the specimens ruptured in the two types of combined tension-torsion creep rupture tests.
Discussions
Multi-axial Creep Rupture Life
Many researches have been done on the creep ruptures of metals and alloys loaded under multi-axial stresses. It has been reported that the maximum principal stress s 1 will determine the rupture life for metals pre-cavitated or cracking continuously during creep, 3, 8, 9) and the von Mises equivalent stress s will determine the rupture life for metals which show virtually no cracking.
3) Furthermore, Nix et al. 10, 11) proposed a stress parameter, named the principal facet stress s F , for predicting creep rupture lives of metals and alloys under multi-axial stresses. They have suggested that for metals and alloys which exhibit grain boundary sliding and fail by cavitation at grain boundaries perpendicular to the maximum principal stress the principal facet stress s F will correctly predict the creep rupture lives at various stress states. Therefore, it is considered that the multi-axial stress component, determining the creep rupture life, should be changed with different materials showing different creep fractures.
In this study, the relations between the stress components stated above and the creep rupture lives of the steel SUS310S at various stress states are investigated. The results are plotted in Fig. 7 . In contrast to s and s F , the maximum principal stress s 1 is found to be a suitable parameter brings the data onto a single line. It can be therefore concluded that for such a ductile austenitic steel at 700°C loaded under multi-axial stresses the creep rupture life is determined by the maximum principal stress.
As stated above, it has been known that for metals precavitated or cracking continuously during creep, s 1 will determine their multi-axial creep rupture lives. 3, 8, 9) In the present study, the fact that the multi-axial creep rupture life of the SUS310S steel at 700°C depends on s 1 should be discussed directly with the material characteristics as well as its creep fractures. It has been reported that all cavities nucleate in the early stages of the creep test. 12) In this work, the longitudinal sections of a part of specimens in the early stages of steady state creep were observed. As shown in Fig. 8 , it was found that many voids formed in the speci- mens in the early stages of creep. Furthermore, at any creep stress states this steel with high ductility and high metallographic stability showed larger deformations and continuous nucleating of voids during creep testing, even though the specimens exhibited different fracture modes under various stress conditions. A creep damage tolerance parameter, 6 ) lϭe r /(e min t r ), has been used to predict the dominant creep fracture mechanism (e r is the strain to rupture, e min is the minimum creep rate and t r is the time to rupture). It is proposed that when 1ϽlϽ2.5 the creep rupture should be controlled by creep cavitation, and when lϾ5 microstructural softening should become dominant. In this study, for the specimen ruptured under different stresses, l are calculated with the effective strain. Figure 9 shows the relation between l and the time to rupture. It can be seen that most of the data fall within the 1ϽlϽ2.5 region, and it is therefore considered that the cavitation should be the dominant creep fracture mechanism. The above mentioned should be the reason why the multi-axial creep rupture life of the steel depended on the maximum principal stress.
On the other hand, it can be also seen from Fig. 7(c) , that if the torsional creep data are removed, the principal facet stress s F will also show a good fitting to bring the other data onto a single curve. So, it should be considered that besides the torsional creep stress state both s 1 and s F correlate the creep rupture life satisfactorily. Basing on the creep fracture mechanisms of the steel at torsional stress state discussed in the next section, it will be known that creep voids are difficult to grow due to the absence of the mean stress s m as well as the restraint of larger deformations. It is therefore resulted that s F fails to correlate the creep rupture life for torsional stress state.
Creep Fracture Modes under Multi-axial Stresses
Generally, it has been assumed that the von Mises equivalent stress s controls creep rate and governs the nucleation of creep voids but does not contribute to their growth, 7, 13, 14) while the mean stress s m promotes the growth of the creep voids or cracks. 7, 15, 16) In the present torsional creep rupture tests, as stated above, all of the specimens exhibited a ductile transgranular creep fracture of shear type. And larger creep deformations with many micro-voids were observed near the fracture surfaces. These results should be because the larger s and little s m existed in the torsional creep specimens. On the other hand, authors have discussed the creep fracture modes of the smooth specimens ruptured in tension. 7) It has been reported that at higher stresses (meanwhile larger s m ) a ductile fracture caused due to the larger deformation, which restrained the growth of creep voids. But at lower stresses a brittle intergranular fracture occurred due to the sufficient growth of voids with slower creep deformations.
From above viewpoints, the creep fracture modes and their formatting factors of the specimens ruptured under the present multi-axial stresses are schematically shown in Fig.  10 . At each stress state, creep deformation and nucleation of creep voids in a specimen at a higher stress are easily to occur due to the larger s, but the growth of voids is restrained by the larger deformation. With decreasing the applied stress, a brittle intergranular fracture mode should be present due to the growth of creep voids. However, from tension to torsion the growth of creep voids becomes difficult due to the decrease of s m . Therefore, it is suggested that in a specimen with existing of s m and smaller s, a brittle intergranular fracture should occur easily.
Conclusions
Creep rupture tests were conducted in tension, torsion and combined tension-torsion stress states at 700°C, using tubular specimens of austenitic steel SUS310S with high ductility. The creep rupture properties of the steel under multi-axial stresses were discussed. The results obtained are summarized as follows.
Creep rupture life of the austenitic steel SUS310S with high ductility loaded under multi-axial stresses at 700°C, was found to depend on the maximum principal stress component. The reasons should be that many voids nucleated in the early stages of creep, and that this steel with high ductility and high metallographic stability at any creep stress states showed larger deformations and continuous nucleating of voids during creep testing.
The specimens loaded under various stresses exhibited different fracture modes. These creep fracture modes and their formatting factors were discussed. It was assumed that at a multi-axial stress state, the von Mises equivalent stress promotes creep deformation and nucleation of creep voids, meanwhile the growth of the voids should be restrained by the enhanced deformation. It was further suggested that in a specimen with existing of the mean stress, which promotes the growth of voids, and a smaller equivalent stress, a brittle intergranular fracture should occur easily.
